Introduction

27
The El Niño Southern Oscillation (ENSO) is the most important mode of 28 interannual climate variability. It has its origin in the interaction of the tropical 29 Pacific Ocean and the atmosphere but its teleconnections reach far beyond the 30 tropical Pacific. Especially the tropical Indian and Atlantic Oceans and the 31 adjacent continents are influenced by ENSO (e.g. Latif and Barnett 1995; Enfield 32 and Mayer 1997) . One typical feature of ENSO is its amplitude asymmetry. 33
Positive events (El Niño) tend to be stronger than negative events (La Niña) (e.g. 34 Burgers and Stephenson 1999; Kang and Kug 2002; An and Jin 2004; Frauen and 35 Dommenget 2010) . However, other studies have shown that ENSO is not only 36 non--linear in its amplitude but also in its spatial pattern (e.g. Hoerling et al. 37 1997; Takahashi et al. 2011; Yu and Kim 2011; Choi et al. 2012 ) and time 38 evolution (e.g. Larkin and Harrison 2002; Ohba and Ueda 2009; Okumura and 39 Deser 2010) . Dommenget et al. (2013) showed that significant differences exist 40 in the patterns between positive and negative events and between strong and 41 weak events, which mostly describes the differences between central and 42 eastern Pacific events. Several studies also pointed out that differences exist in 43 the global teleconnections of central and eastern Pacific events. Ashok et al. 44 (2007) show that, depending on the season, the impacts of the Central Pacific El 45
Niño on specific regions can be opposite to those of the Eastern Pacific El Niño. are not identical, which is quantified by the difference between these in Fig. 4c . 178
The t--values for a Students t--test of the differences as a measure of significance 179 are shown in Fig. 4d The SLP response shows almost no non--linearity over the NINO3 and 234 NINO4 regions, where the strongest ENSO SST anomalies occur. 235
The observed differences between strong El Niño and strong La Niña events may 236 result from several different factors: The differences in the sign of the events, the 237 differences in the strength of the events and the differences in the pattern of the 238 events. In order to separate the responses according to these different factors 239 the database of observed events is just too small to get statistically significant 240 results. It also needs to be noted that most observed events may be a 241 combination of different patterns, strengths or signs. Therefore, an analysis of 242 idealized model simulations is necessary, in which we can separate the different 243 aspects. 244
Sensitivity experiments
246
A good way to study the impacts of the different factors (sign, strength and 247 pattern of the events) on ENSO teleconnections is to perform sensitivity 248 experiments with an atmospheric GCM forced by standardized ENSO patterns. 249
An overview of the experiments performed for this study was given in Section 2 250 and in Table 1 For precipitation we find a strong increase along the equatorial Pacific and 293 reduced precipitation over the maritime continent and the western to central 294
Pacific north and south of the equator in response to positive forcings ( Fig. 7a  295 and 7d). In case of the EP+ forcing the negative precipitation response north of 296 the equator extends all the way to the eastern Pacific. This is in good agreement 297 with observations although the positive precipitation response extends too far to 298 the west. In response to negative forcings ( Fig. 7b and 7e ) we find a reduction in 299 rainfall along the equatorial Pacific, which is weaker than the response to 300 positive forcings. In the CP--case we find a strong increase in precipitation over 301 the maritime continent, northeast Australia, and the western to central Pacific 302 north and south of the equator. Again, this is in good agreement with 303 observations. The model also simulates realistic responses along the coast of 304 California and Mexico. However, the model mostly fails to reproduce a realistic 305 response over Australia. In the CP--case, which represents a typical La Niña 306 event, the negative response is only found over the North--East of Australia and in 307 the EP+ case an unrealistically strong positive response is found over Western 308
Australia. The differences between El Niño and La Niña events (Fig. 5c ) are again 309 represented by the differences between the EP+ and the CP--forcing (Fig. 7i) . In 310 the tropical Pacific region the model is very similar to the observed differences. 311
However, over Africa the model simulates significant non--linearities, which are 312 not observed. 313 Overall, the model simulates the responses in SLP and precipitation fairly well, 314 especially over the Pacific Ocean. Therefore, it appears to be a good tool to study 315 the non--linearities in these responses. In the TEP region the response to either an EP or a CP forcing is linear (Fig. 10a  409 and 10b). In the TWP the response is non--linear for both forcing patterns with a 410 slightly stronger non--linearity for the EP forcing pattern (Fig. 10d and 10e) . For 411 the NP strong non--linear responses are found for both forcing patterns (Fig 10g  412 and 10h). However, here the spread is also wider. For the TIO the overall 413 responses are small compared to the other regions, but a slightly non--linear 414 response is found for the CP forcing ( Fig. 10j and 10k ). If we combine the 415 different forcing patterns to the realistic forcing, we get a very different picture. 416
Over the TEP, where the response to both forcing patterns is linear, we get an 417 indication of a non--linear response with the realistic forcings (Fig. 10c) . This is 418 due to the difference in strength of the responses to EP and CP patterns. The 419 stronger response to the EP pattern gives a stronger than linear response for the 420 +200% and --50% cases and the weaker CP response gives a weaker than linear 421 response for the --200% and +50% cases. Combined this gives a near quadratic 422 response function with larger response for strong positive (El Niño) events and 423 weaker response for strong negative (La Niña) events. 424
The opposite is true for the NP region. Both the EP and the CP forcings show a 425 strong non--linearity. However, in the realistic forcings the non--linearities cancel 426 each other and lead to a linear response (Fig. 10i) . Again, this is due to the 427 difference in strength of the responses to the EP and CP patterns, which, when 428 combined, lead to a linear response. In the TIO region the combined response is a 429 significant non--linear response, which even reverses sign, leading to negative 430 SLP responses for both El Niño and La Niña events (Fig. 10l) . Again, this is a 431 combination of a weak response to the EP pattern and a strong response to the 432 CP pattern. In the TWP region all responses are similarly weakly non--linear, no 433 matter whether we consider EP, CP or the combined. 434
Another way to visualize the non--linearity is to look at histograms of SLP 435 responses over NINO3.4 SST anomalies using the fitted quadratic response 436 functions shown in Fig. 10 . Therefore, we drew normally distributed random 437 NINO3.4 SST anomalies (10 4 ) with the observed NINO3.4 SST standard deviation 438 and calculated the SLP responses according to the quadratic fits described above. 439
The resulting SLP histograms with the standard deviation, skewness and 440 kurtosis can be seen in Fig. 11 . 441
In all four regions the SLP variability in response to the combined CP and EP 442 forcings is less than the observed variability. However, in the TWP and TEP 443 regions a significant part of the total SLP variability can be attributed to the 444 response to SST variability. Especially in the TWP region this simple model 445 reproduces the observed variability and non--linearity in the SLP distribution 446 quite well. This, first of all, illustrates that the SLP response to the SST anomalies 447 is a significant part of the total SLP variability in this region. In the TEP region, 448 however, the simple model overestimates the skewness. In the NP and TIO 449 regions the ENSO model related SLP distributions are much narrower than the 450 observed, which illustrates that the observed SLP variability is not dominated by 451 the ENSO response. 452
So far, we only looked at the mean response in four specific regions. However, it 453 is interesting to look at a global distribution of ENSO SLP response non--linearity. 454 Therefore, we calculated the mean response and its spread for each point and 455 performed the same linear and quadratic fits as above for each point. 
Summary and Discussion
478
In the study presented here we analyzed the non--linearity in the ENSO 479 teleconnections based on observations and model simulations. We were not only 480 interested in the differences between strong El Niño and La Niña events but also 481 in the influences of the different factors pattern, strength and sign of the SST 482 forcing. Therefore, we performed idealized model experiments, in which we 483 forced a full complexity atmospheric GCM with standardized ENSO patterns of 484 different signs and strengths. Circulation response. In the literature so far there has been no physical 497 explanation given for why we see a stronger atmospheric circulation response 498 for warmer SST anomalies of ENSO. However, it is plausible to assume that this is 499 related to the non--linearities associated with the moist convection intensities. 500
These are to a large part controlled by the Clausius Clapeyron relationship, 501 which allows for stronger atmospheric circulation responses for warmer SSTs 502 due to non--linear increases in saturated water vapor levels. However, it is 503 beyond this study to support this link in physical processes. 504
The non--linearities in precipitation are mostly confined to the tropical Pacific 505 and to the largest part follow from the basic non--linearities that we see for the 506 precipitation distributions in general. The shifts that we find in the tropical 507
Pacific are consistent with those found by Chung et al. (2013) and Power et al. 508 (2013) . 509
Studying the combined influence of the pattern, strength, and the sign of the 510 event shows that each component plays a role for the non--linearities. For SLP it 511 can be seen that the non--linearity is stronger for an EP forcing pattern than for a 512 CP forcing pattern. If we take into account that strong positive events generally 513 have an EP pattern and strong negative events a CP pattern (and vice versa for 514 weak events), and combine the responses accordingly, we find overall the 515 strongest non--linearities. However, this has different effects over different 516 regions. Over regions like the far eastern tropical Pacific the response to each 517 forcing pattern separately is mostly linear. When we combine the forcings 518 realistically, we find a strong non--linearity. The opposite is true for the North 519
Pacific, where the response to each pattern separately is non--linear. In the 520 realistic combination of the responses, however, the non--linearities cancel each 521 other and the response is linear. 522
The main conclusion of our work, therefore, is that the linearity or non--linearity 523 of ENSO teleconnections results from a combination of a linear response to a 524 spatially non--linear ENSO (varying ENSO patterns) and a non--linear response to 525 a linear ENSO (fixed patterns but varying signs and strengths). For the analysis 526 of ENSO teleconnections, especially also in fully coupled GCMs and future climate 527 projections, it is not sufficient to build composites based on the sign of events. 528
Also, for models to realistically simulate ENSO teleconnections it is important to 529 realistically simulate not only the amplitude of events but also the different 530 patterns of events. 531 532 Acknowledgements: We like to thank Ailie Galant, Tobias Bayr and Yanshan Yu 533 for fruitful discussions and comments. This study was supported by the ARC 534
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